INTRODUCTION
Social insects have developed a number of defensive systems that prevent the development of disease within colonies. For example, bee propolis and royal jelly present antimicrobial properties (1, 2) , and the fecal pellets of termites inhibit the development of fungal pathogens (3) . Within ants, most species possess metapleural glands on the thorax whose secretions, spread over the ants and throughout the nest, have a broad spectrum of antimicrobial action (4) (5) (6) (7) . The mandibular gland secretions of some army ant species also have a dual defensive role against both predators and microbial attacks of brood (8) . If these mechanisms control the proliferation of many bacteria and fungi in the nesting environment, the introduction of pathogens may also arise from alimentation, especially prey.
Among ants, predators stricto sensu are over-represented within the subfamily Ponerinae (9) . Most of these species capture almost every encountered prey using their venom (10) that contains peptides (and proteins) (9, 11, 12) . As these prey are then brought back to the nest immediately after immobilization, their potential infection by bacteria, fungi or viruses may seriously affect the survival of ant colonies or induce extent damages because of the high population density combined with the close genetic relationship of the individuals.
The antibacterial property of ant venom has only been demonstrated in the fire ant, Solenopsis invicta, in whose venom alkaloids inhibit the growth of both Gram-positive and Gram-negative bacteria and presumably act as a brood antibiotic (12, 13) . Venoms of the wasp, Vespa crabro, honey bees, and various snakes contain antimicrobial peptides but their functions have not been investigated (14-17). Finally, lycotoxins isolated from spider venom are the only antimicrobial peptides in venom for which a preventive role against infections arising from prey ingestion has been demonstrated (18) 
We investigate here the possible role of the venom of a predatory ant species in the prevention of microbial disease. The antimicrobial, insecticidal and hemolytic properties of the venom of the arboreal ponerine ant, Pachycondyla goeldii, were studied. In total, fifteen novel peptides, named ponericins, were purified and their primary structures fully characterized through amino acid sequencing and matrix assisted laser ionization/desorption time-of-flight mass spectrometry (MALDI-TOF-MS) analyses. According to their New antibacterial and insecticidal peptides from ant venom 5 amino-acid sequences, ponericins were classified into three families named ponericin G, W, and L. Ten peptides were synthesized in order to perform detailed analyses of their biological activities. The relationships of these peptides with known antimicrobial peptides are discussed.
MATERIALS AND METHODS
Ants and venom Whole venom reservoirs were dissected from P. goeldii ants collected in Petit Saut, French Guiana. After rinsing in water, they were stored at -20°C until processed. The venom reservoirs were disrupted by ultrasonic -waves in a 30% acetonitrile, 0.2% trifluoroacetic acid solution (TFA) (10µl/venom reservoir) and empty reservoirs and membranes were discarded by centrifugation.
HPLC Purification
Whole venom was injected into a C 18 reversed-phase column (5µm particle size, 220mm x 2.1mm column, Vydac) and separations were performed at a flow rate of 200µl/min. Peptide elution was monitored at 215nm. Collected fractions were vacuum-dried and tested for biological activity.
First, the venom was separated into four fractions with a gradient consisting of 10 to 80% solvent B (80% acetonitrile in 0.1% TFA) for 60min. Solvent A was 0.1% aqueous TFA. Second, the venom was further purified on the same column with a biphasic gradient of 10 to 25% solvent B for 10min, and 25 to 55% for 75min in order to improve the separation of the peptides contained in the active fraction.
Mass spectrometry The purified peptides were analyzed by MALDI-TOF (Voyager Elite, PerSeptive Biosystems, Inc., Framingham, MA) mass spectrometry as described by Seon et al. (19) .
Microsequence analysis Peptides were sequenced by automated Edman degradation using a Procise pulse-liquid protein sequencer (model 494, Perkin-Elmer Applied Biosystems Division, Foster City, CA).
Carboxypeptidase Y digestion About 30 to 60pmoles of peptide were dried and solubilized in 10µl of 0.1M ammonium acetate buffer pH 5.5. Carboxy-terminal sequences were determined by digestion with carboxypeptidase Y and MS analysis of the digestion products as described by Seon et al (19) . Peptide synthesis Ten peptides were synthesized by the Fluroen-9-ylmethoxycarbonyl (Fmoc) chemistry and purified by Synt:em (Nimes, France). Peptides G1, G3, G4, G6, W1, W4, W5, W6, and L2 were identical to the isolated ponericins. Due to some problems, ponericin W3 was synthesized in a modified form compared to the natural peptide. The corresponding synthetic peptide was called W3-desK and presented 3 lysine residues at the C-terminal region, therefore with one lysine residue less than the natural W3 (i.e. ---LKKKQ for W3-desK instead of ---LKKKKQ for W3). Since W1 and W5 peptides present the same difference in their C-terminal sequence (i.e. ---FKKKKQ for W1 and ---FKKKQ for W5) together with other small differences (addition or deletion) but have similar activity spectra (Table 1) , the W3-desK peptide was further analyzed to have an idea of the biological activity of W3 in spite of their minor difference in the C-terminus.
Antimicrobial assays
Step 1 -Crude venom and an aliquot of each HPLC fraction were tested for their antibacterial activity against one Gram-negative strain (Escherichia coli RL65) and one Gram-positive strain (Staphylococcus aureus 209P). Inhibitory activity was determined by the agar-well diffusion method. Wells 6mm in diameter were filled with 10µl of the sample solution. After 24h at 37°C, inhibition zone diameters were measured by subtracting the well diameter.
Step 2 -Synthetic peptides were tested against a wide range of Gram-negative and Gram-positive microbial strains, the yeast and fungi indicated in Table 1 . Inhibitory activity was determined by the agar-well diffusion method. A 12ml sample of nutrient broth containing 1.2% agar (bacteriological agar, Biokar) and supplemented with 1ml/l Tween 80 (Merck, Darmstadt, Germany) was inoculated with a fresh overnight culture of the indicator strain (absorbance at 660nm = 0.01) and poured into Petri dishes. Wells 5mm in diameter were filled with 20µl of the sample solution. These plates were placed overnight at 4°C to allow the diffusion of the inhibitory agent and incubated 24h at 30 or 37°C, depending on the indicator strain. Antifungal activity was also performed by the agar-well diffusion assay. The fungal colonies were inoculated into the agar close to a well filled with the sample solution, and any deviation from circular growth of the fungal colonies after 24h of incubation was scored as fungal inhibition.
The minimal inhibitory concentration (MIC) of the peptides (G1, G6, W1, W3-desK, and L2) was determined by liquid and plate growth inhibition assays on the bacterial strains indicated in Table 2 . In the plate growth inhibition assay, the MICs were determined by a critical dilution assay from an initial sample concentration of 64µM by twofold-dilutions in a 5mM phosphate buffer (pH 6.5). Inhibitory activity determination was performed as previously described. In the liquid growth inhibition assay, 270µl of a midlogarithmic phase culture of bacteria were added to 30µl of peptides. Microbial growth was assessed in microtiter plates by an increase in A 620nm after 24h at 30 or 37°C. The concentrations tested for each peptide were in the range of 0.125-64µM. The MIC values are expressed as intervals between the highest concentration at which bacteria grow and the lowest concentration that causes 100% growth inhibition (20) .
Cecropin B from the moth Hyalophora cecropia, melittin from honeybee venom, and dermaseptin from the skin of the frog Phyllomedusa sauvagii (Sigma, St Louis, MO) were used as control antibiotic peptides in the plate growth inhibition assay.
Hemolytic assays A 12ml sample of blood agar medium was supplemented with 1ml of sheep or horse erythrocytes. Wells 5mm in diameter were filled with 20µl of the peptide solution and were placed overnight at 4°C to allow the diffusion of the hemolytic agent. After 24h at room temperature, complete hemolysis and lysis zone diameters were measured.
Insecticidal assays Given quantities of each synthetic peptide or a mixture of 5µg of each of the ten peptides were solubilized in an insect physiological saline buffer. These peptide solutions were injected into groups of 10-15 cricket larvae, Acheta domesticus (weight = 10 ± 0.5mg), or P. goeldii workers (mean weight = 8.93mg). Controls receiving injections of an insect saline buffer or a dried solution of acetonitrile and TFA redissolved in a saline buffer showed no effect. The lethal dose corresponding to the mortality of 50% of the treated larvae after 24h (LD 50 ) was calculated by probit analysis (21) . Circular dichroism spectra The far-UV circular dic hroism (CD) spectra were recorded in a CD6 spectropolarimeter (Jobin-Yvon, Longjumeau, France) using a 0.01-cm pathlength cuvette. The four synthetic peptides, ponericins G1, G6, W1 and L2, were solubilized in milliQ water with and without trifluoroethanol (TFE) at 25% at concentrations of 0.95, 0.87, 0.97 and 0.95mg/ml, respectively. The CD spectra were acquired between 180 and 260nm, with a 0.5-nm step, a 2-s integration time and 2-nm constant bandpass.
Each spectrum was averaged from 5 successive scans. The baselines (water and 25% TFE) were acquired independently under the same conditions and then subtracted from the corresponding sample spectra. The predicted secondary structure content was deduced from each spectrum using the Varselec analysis (22).
RESULTS
Isolation of antibacterial peptides from the venom of P. goeldii An antibacterial assay of the crude venom of P. goeldii showed strong action against both Gram-positive (Staph. aureus 209P) and Gramnegative (E. coli RL65) bacteria l strains at a 30µg (dry weight of venom) per µl concentration. The venom was separated into four fractions on a reversed-phase HPLC (Fig. 1a) of which only fraction C showed an antibacterial activity against the two previous strains. Further fractionation of the peptides eluted in fraction C demonstrated that 12 of the collected peaks had antibacterial properties (Fig. 1b) .
Primary structure determination of the antibacterial peptides
The active peptides present in fraction C were first analyzed by MALDI-TOF MS. Peaks containing one or two major components were further studied. In total, 15 peptides were characterized at the level of their amino acid sequences using Edman degradation. The amino acid sequence determination was also possible for peaks containing two peptides present in different quantities. For some of the analyzed peptides, carboxypeptidase Y digestions were used to identify or confirm amidation of the C-terminal amino acid. The accordance of the experimental masses with the calculated molecular masses was used as a control for each sequence determined.
These peptides can be classified into three families according to their primary structures (Fig. 2) . The peptides were named ponericins G, W or L according to the first most frequent N-terminal amino acid. Within each family, most of the peptides share a great percentage of sequence similarity with each other (up to 87, 92 or 96% for ponericins G, W or L, respectively). The sequence similarities were calculated using identical residues and conservative replacements. Ponericins G6, G7 and W6 present the lowest sequence identities with the other members of the ponericin G and W families (from 17.2 to 26.7% for G6 and G7 and from 19.2 to 45.8% for W6). They were nonetheless classified in the latter families because they retained some common sequence features with the other members. In order to further investigate the antibacterial spectrum and insecticidal activity of each individual peptide, ten of these 15 peptides corresponding to representative molecules from each family were synthesized as indicated in the Materials and Methods section.
Activity spectrum of synthetic peptides against various microbial strains Whole venom was active against all the tested microbial strains, except the two fungi (Table 1) The 10 synthetic peptides exhibited four types of antibacterial action spectra at a concentration of 0.4-0.5mM. Ponericins G1 and G3 exhibited an action highly comparable to crude venom and were active against all the tested bacteria and the yeast. The second group corresponds to the peptides W1, W3-desK, W4, W5 and L2. For this group, the results of the growth inhibition assay against Gram-positive bacteria were also comparable to crude venom, but at the tested concentration these peptides were less active against most of the Gram-negative bacterial strains. Within this group, L2 was the only one that did not affect the yeast, Saccharomyces cerevisiae. The third group of peptides (G6 and W6) was active against most of the Grampositive strains, but inactive against the Gram-negative, with the exception of Ps. aeruginosa and Serratia marcescens. Finally, ponericin G4 only affected a few of the tested strains. It should be noted that all of the peptides were inactive against the fungal strains as observed for crude venom.
Synthetic peptides G1, G6, W1, W3-desK, and L2 were selected for further analyses. At least one member of each peptide family presenting a large activity spectrum was retained, except G6 which was by guest on November 14, 2017 http://www.jbc.org/ Downloaded from highly active against only a few strains. Their minimal inhibitory concentrations (MIC) were determined in both liquid and plate growth inhibition assays against Gram-positive and Gram-negative bacterial strains highly sensitive or affected by most of the chosen peptides (Table 2 ).
In the liquid growth inhibition assay, G1, W1, and L2 had a marked activity (MIC < 8µM) against most of the bacterial strains, while W3-desK and particularly G6 were less effective. In the plate growth inhibition assay, MICs were at least two times higher, highlighting the problem of peptide diffusion in a solid medium.
Nevertheless, the same kind of results were observed, with a marked action of peptide G1 against most of the tested bacteria. Furthermore, the comparison of their MICs in the plate growth inhibition assay with those of cecropin, melittin and dermaseptin used as reference peptides showed that their antimicrobial activity is comparable, or even higher for ponericins.
Hemolytic activity The hemolytic activity of the crude venom and the ten synthetic peptides was tested on both horse and sheep erythrocytes at the same concentration as the antimicrobial activity spectrum (Table   1 ). When affected, the horse erythrocytes were always the most sensitive. Whole venom and three peptides (W1, W5 and W6) induced total lysis of both horse and sheep erythrocytes, while W3-desK and W4 were less active and exhibited hemolytic activity only against horse erythrocytes. The remaining five peptides did not exhibit any hemolytic activity.
Insecticidal activity The insecticidal properties of P. goeldii venom was only detected in fraction C.
All 10 synthetic peptides exhibited insecticidal properties against A. domesticus (Table 3 ). Four were highly active against crickets (G1, G3, W3-desK, and W4) with toxicity (LD 50 ) being less than 130µg of peptide per gram of animal weight. Among these four peptides, W3-K and W4 were the only compounds that affected P. goeldii workers. However, the level of toxicity against ants was relatively low, suggesting a possible immunization of these ants against their own venom. (Table 4) . The results obtained from the plate growth inhibition assay, in which the tested concentrations of each compound were comprised between 0.4 and 0.5mM, showed that most of the bacterial strains were highly affected. Therefore, it appears that even the less concentrated antibacterial peptide G1 is sufficient in concentration to exhibit a marked antibacterial activity in the crude venom.
Circular dichroism spectra In order to compare some structural features of the ponericins with well known antibacterial peptides for which extensive structural data have been obtained, we analyzed the far-UV CD spectra of four synthetic peptides in water and in 25% trifluoroethanol (TFE). The four synthetic peptides exhibited similar spectra in water as well as in TFE. The spectra obtained for ponericin L2 are shown as example in Fig. 3 . In water, the spectra are typical of a non-periodic or disorganized structure (random coil), From the first family of peptides, ponericins G, two patterns of action can be defined. G1 and G3 have a marked action against all the microbial strains and are also strong insecticides, while G4 and G6 are only active against some Gram-positive bacteria and yeast, and present poor insecticidal properties. Ponericins G share about 60% sequence similarity with cecropins (calculated using G1; Fig. 4a ). Cecropins represent a by guest on November 14, 2017 http://www.jbc.org/ Downloaded from family of inducible antimicrobial peptides that have been isolated from only two insect families, Diptera and Lepidoptera (23) . To the best of our knowledge, the ponericins G represent the first molecules isolated from another insect family that can be considered as cecropin-like members. All cecropins, except those isolated from Aedes mosquitos (24-26) are amidated whereas this posttranslational modification does not occur in the ponericins G, except G6. Cecropins have a broad spectrum of activity against bacteria and fungi, but do not affect most other eukaryotic cells (23, 27) . The strong insecticidal properties of G1 and G3 imply that these peptides are effective against eukaryotic cells with a certain specificity as they do not exhibit any hemolytic action.
Most peptides from the second family, ponericins W, share common properties linked to their high sequence similarities. With the exception of W6, which presents the lowest sequence similarities with the other ponericins W, this family is active against Gram-positive, Gram-negative bacteria and yeast, and has marked hemolytic and insecticidal activities. This peptide family shares about 70% sequence similarity with gaegurin 5 and melittin (calculated from W1 and W3; Fig. 4b ). Gaegurin 5, isolated from the skin of the frog, Rana rugosa (28, 29) , exhibits a broad spectrum of antimicrobial action against bacteria, fungi and protozoa, but has very little hemolytic action contrarily to the ponericins W. Melittin is the major toxic component of the venom of honey bees and also has high antimicrobial and hemolytic activities (16, 30) .
The ponericin L2 from the third family only has an antibacterial action and is inactive against yeast, erythrocytes and insects. Together with L1, they share important sequence similarities with dermaseptin 3 and 5 that have been isolated from frog skin and possess a strong antimicrobial action against bacteria, yeast, fungi and protozoa (Fig. 4c) (29, 31, 32) . As observed for dermaseptins, no hemolytic action was found for L2. Moreover, this compound is not a strong insecticide and should then be considered to have a selective antibacterial role in P. goeldii venom.
Interestingly, when compared with the cecropin B, melittin and dermaseptin used as references in antimicrobial tests, the ponericins showed a similar or higher level of activity. Their activity is also comparable to those of other antimicrobial peptides (20, 23, 24, 33, 34) .
Secondary structure predictions using the consensus prediction (35) at the Network Protein Sequence @nalysis web server (http://pbil.ibcp.fr) suggested that ponericins form a full-length α-helix or two α-helices separated by a bend. The helical wheel representations also indicated distinguishable hydrophobic and hydrophilic domains. This suggests that the ponericins display a similar linear amphipathic α-helical structure.
CD spectra performed in the far-UV confirmed the adoption of an α-helical structure in the presence of trifluoroethanol (TFE) for each of the three ponericin families G, W and L, but also indicated that the ponericins were unstructured under aqueous conditions. These observations are consistent with more extensive structural data obtained for the homologous peptides cecropins, gaegurins, melittin and dermaseptins (16, 28, 31, 36, 37) , which demonstrated the changes in α-helical content in the presence of different concentrations of TFE and liposomes. The adoption of an amphipathic α-helical structure in a polar environment or in the presence of liposomes for such antimicrobial peptides suggests that they could alter the target cell membrane (23, 38, 39) . It is interesting to note that ponericins W are the only ones that present an hemolytic action as does melittin which acts via the formation of transmembrane pores (16, 40, 41) . On the other hand, ponericins G and L display important similarities with cecropins and dermaseptins, respectively, which destroy the cell membrane via a "carpet-like" mechanism (37, 42) . Further NMR studies and extensive studies of the interactions of the peptides with liposomes (37) would highlight the structural features and the mode of action of the ponericins.
The high concentrations of each of the characterized peptides in the whole venom of P. goeldii (0.33 to 22.7mM) suggest that they could play an important antibacterial role in vivo. The main function of venom for a predatory ant species is offensive for prey immobilization and capture. Its defensive role is generally through predator-prey interactions or competition. But the antibacterial activities of the peptides isolated from P. goeldii venom highlight another possible aspect of the defensive function of the venoms. Indeed, the "microbial cleaning" of prey before their introduction into the colony and their consumption by the brood ensures colony survival. Thus, the present study suggests that, in predatory ant species, venom may serve to protect against internal pathogens arising from alimentation, as in the case of peptides in some spider and snake venom (17, 18) . Table 3 . Insecticidal action (in µg of venom/g of injected individual) of the ten synthetic peptides on the cricket, Acheta domesticus and ant workers of P. goeldii. * 95% confidence intervals † no action was detected at the highest concentration tested (1mg/g)
